The high C02-requiring mutants of Synechococcus PCC 7942, D4 and R14, were obtained by deletion or inactivation (respectively) of an open reading frame immediately downstream of rbc (the operon encoding the subunits of ribulose 1,5-bisphosphate carboxylase/oxygenase). These mutants exhibit photosynthetic characteristics similar to those of high C02-grown wild type, unlike other cyanobacterial high C02-requiring mutants, where the apparent photosynthetic affinity for inorganic carbon is approximately 2 orders of magnitude lower than that of the wild type. Sequence analysis and metabolic complementation of the mutants by inosine 5'-monophosphate identified this open reading frame as the cyanobacterial equivalent of purK, the eubacterial gene encoding subunit 11 of phosphoribosyl aminoimidazole carboxylase in the purine biosynthetic pathway. Exposure of high C02-grown Synechococcus to low CO2 conditions led to the induction of transcription of purK. It is suggested that the high C02-requiring phenotype of these mutants resulted from the defect in purine biosynthesis after exposure to low CO2. We also raise the possibility that the level of cellular purines is involved in the process of adaptation of cyanobacteria to low concentrations of CO2.
as tools for the elucidation of the physiological and molecular basis of the Ci-concentrating mechanism. Most of these mutants exhibit an apparent photosynthetic affinity approximately 2 orders of magnitude lower than that of high C02-grown wild type (5, 7, 9, 10, 12, 15-17, 19, 22, 25) . High C02-requiring mutants in which the photosynthetic characteristics are similar to those observed in wild-type cells grown under high C02 were isolated from Chlamydomonas reinhardtii (13) and Synechococcus sp. PCC 7942 (10) . The mutant JR12 of the latter was obtained after transformation of the wild type with a construct designed to modify the genomic region of rbc. This mutant resulted from a rare recombination event in which the integration of the modified DNA into the genome occurred by single crossover, but part of the plasmid (1.7 kb) and about 2 kb downstream of rbc were deleted (10) . The performance of this mutant indicated the significance of the genomic region downstream of rbc with regard to the ability of cyanobacteria to grow in the presence of low ambient C02 concentration. In this report, we present physiological and molecular characteristics of mutants obtained following specific modifications of this region.
MATERIALS AND METHODS
Cyanobacteria can grow under a wide range of external Ci2 concentrations even though the Km(C02) of their Rubisco is some 20-fold higher than the concentration of dissolved C02 present in media at equilibrium with air (2) . When transferred from high-to low-CO2 conditions, the cells undergo an adaptation process that includes the induction of a Ci-concentrating mechanism. As a consequence of this increase in the ability to accumulate Ci internally, the apparent photosynthetic affinity for extemal Ci is 10-to 20-fold higher in low than in high C02-grown cells (1, 3, 8, 9, 14, 18 Cultures of Synechococcus sp. strain PCC 7942 and the mutants obtained following modifications of this strain were grown in the presence of high (5% C02 in air) or low (air) levels of C02 as previously described (12) . The rates of Cidependent 02 evolution were measured with an 02 electrode as described earlier (12) .
Standard recombinant DNA techniques (11) were used for cloning and Southern analysis. Partial deletions of the 1.4-kb PstI fragment (Fig. 1A) were obtained with the aid of the Erase-a-Base kit (Promega Corp.), and the clones obtained were sequenced with the Sequenase kit (United States Biochemical Corp.).
Genomic DNA was isolated as described elsewhere (30 A 3-kb HincII fragment from Synechococcus sp. strain PCC 7942, bearing part of the rbc operon and its downstream region (see wild type in Fig. 1 conditions. The Kmr mutants D4, R14, and R5 were obtained using plasmids pSK4, pSK14, and pSK5, respectively (see Fig.  1 , which presents the genomic maps of the relevant region in the wild type and the mutants as deduced from the Southem analyses, see below).
RESULTS
Substitution of the genomic 1.4-kb PstI fragment downstream of rbc with the Kmr cartridge resulted in the high CO2-requiring Kmr mutant D4. This deletion could have inactivated more than one function encoded by this region, and the Kmr cartridge was therefore also inserted into each of the PstI sites separately (see 'Materials and Methods' and Fig. 1 for details). The high C02-requiring Kmr mutant R14 was isolated after insertion of the Kmr cartridge at the upstream PstI site, whereas R5, a Kmi mutant that is capable of growing under either high or low CO2, was isolated following the insertion of the Kmi cartridge at the downstream PstI site.
These mutants were further analyzed to clarify the physiological and molecular basis of their contrasting abilities to grow at the air level of CO2.
The rates of photosynthesis shown by the high CO2-requiring mutants D4 and R14, as a function of the extracellular Ci concentration, were rather similar to those observed in wild-type cells grown under the same conditions (Fig. 2) . Fig. 4, A and B) on the strand encoding the large and small subunits of Rubisco and two of them overlapping on the reverse complementary strand (ORFs 3 and 4, Fig. 4B ). Putative ribosome binding sites were identified within various distances of the 5' initiation codon of the ORFs (not shown), in agreement with the large variability in the putative ribosome binding site sequences and their distance from the translation initiation codon in various reported sequences of cyanobacterial genes (15, 23) . The postulated initiation codon of ORFs 2 and 4, GTG, is not very common, but similar cases have been reported in Escherichia coli (27) . ORF 1 was deleted or inactivated in the high C02-requiring mutants D4 and R14, respectively. This may indicate the functional significance of ORF 1 for growth under low CO2 conditions. Reference to the Swissprot data base revealed high homology between the amino acid sequences deduced for ORF 1 and for genes encoding AIR carboxylase in the eukaryotes Saccharomyces cerevisiae (ade2, 24) and Schizosaccharomyces pombe (ade6, 26) , and subunit II of AIR carboxylase (purK) in the eubacteria Bacillus subtilis (4) and E. coli (28, 29) . The alignment presented in Figure 5 indicates 32 to 38% identity over the entire coding region of eubacterial purK. On the other hand, the 3' terminus region of the eukaryotic ade genes is missing in ORF 1. This part of the ade genes is highly homologous to part of purE, the eubacterial gene encoding subunit I of AIR carboxylase (not shown).
AIR carboxylase catalyzes the carboxylation step in the biosynthetic pathway of IMP. In B. subtilis, subunit II of AIR carboxylase is essential for catalysis in the presence of low, but not of high CO2 concentrations (4) . Therefore, the homology between ORF 1 and subunit II of AIR carboxylase presented above (Fig. 5) suggested the possibility that impaired ability to synthesize IMP under low CO2 conditions is responsible for the high C02-requiring phenotype of mutants D4 and R14. Strong support for this hypothesis is provided by the observation that addition of 20 mm IMP to the growth medium enabled these otherwise high C02-requiring mutants to grow under low CO2 conditions (Fig. 6) . The permeability of the cells to IMP was not determined, but their growth rate in the presence of low CO2 was much reduced when 5 or 10 mM IMP was supplied (not shown).
The expression of the genomic region downstream of rbc
Ie rroraer r^rr or*^r^r r r^r Fig. 4 ) as a probe (Fig. 7A, lane a) . On the other hand, a transcript (approximately 1.2 kb) was detected in RNA isolated from high C02-grown cells that were exposed to low CO2 conditions for 30 min, using the same DNA fragment as a probe (Fig. 7A, lane b) . The transcription initiation and termination points were not determined, but the size of the transcript is approximately that expected. from ORF 1. A putative termination sequence was identified between positions 1467 and 1518 in Figure 4 . The low C02-induced 1200-bp transcript was absent from RNA isolated from the mutants D4 and R14 where ORF 1 was deleted or inactivated (not shown).
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A band of approximately 200 bp was detected in RNA isolated from high C02-grown wild-type, R14, and R5 cells (Fig. 7B, lanes a, c, and d) , with a DNA fragment from position 1358 to the downstream PstI site as a probe. This is the expected size of a transcript originating from either ORF 2 or ORF 4. The RNA isolated from mutant D4 did not react with this probe (Fig. 7B, lane b) , confirming that the transcript detected in the wild type and the mutants R14 and R5 originated from the 1.4-kb genomic region missing in mutant D4. The smaller (200 bp) transcript was far more abundant than the larger (1200 bp), reflecting differences in stability of the transcripts or strength of the promoters.
The presence of promoter sequences, such as the -10 and -35 'boxes' upstream of the transcription initiation point in cyanobacteria, and their homology to the consensus sequences in E. coli are not completely established. Recent studies indicated considerable variability among the -10 and -35 regions observed in several genes from Anabaena 7120, correlating with the strength of their promoters (21) . Identification of the transcription initiation point might enable the determination of the -10 and -35 regions upstream of the different ORFs observed here and the determination of the strength of their promoters.
DISCUSSION
The mutants D4 and R14, where ORF 1 was deleted or inactivated, respectively, were able to grow in the presence of high concentrations of CO2, but demanded the addition of IMP under low CO2 conditions (Fig. 6 ), indicating that their lesion is in the purine biosynthetic pathway. These data also indicate that purine biosynthesis was adequate for growth when a high CO2 concentration was present, but was not under low CO2. The observations that the transcription of ORF 1 is induced following the exposure of high C02-grown wild-type cells to low-CO2 conditions, and that this transcript was missing in the mutants D4 and R14 (Fig. 7A) , composed of a single bifunctional polypeptide having both purE and purK functions (24, 26) . It is interesting to note that the archaebacterial (methanogens) AIR carboxylase, which is encoded as a single duplicated polypeptide presumably containing two domains (6), does not exhibit high homology to ORF 1 or to the eubacterial purK. The alignment presented in Figure 5 indicates high homology between the putative product of ORF 1 and that of the eubacterial purK (but not with purE); also with the gene product of the eukaryotic ade (but not with its carboxy terminus, which exhibits high homology to the eubacterial purE). These data suggest that ORF 1 is most probably the purK equivalent of Synechococcus sp. PCC 7942. This suggestion is supported by the high CO2 requirement and metabolic complementation of the mutants D4 and R14 by IMP. The organization of the pur genes in Synechococcus must be different from that in E. coli and B. subtilis, where purE is located immediately upstream of purK, because ORF 1 was mapped 100 bp downstream of the stop codon of rbcS. Moreover, analysis of the DNA sequence downstream of ORF 2 (not shown) and of the two ORFs in the complementary strand encoding rbc in Synechococcus did not reveal significant homology to purE. Therefore, the cyanobacterial equivalent of purE must be located elsewhere in the genome.
The alignment of the deduced amino acid sequences (Fig.  5) indicates the presence of highly conserved regions over the entire length of ORF 1 as well as some noticeable differences among the genes encoding AIR carboxylase from various organisms. However, our poor understanding of the function of the putative 'CO2 binding' subunit II (or its equivalent domain in eukaryotes) and the absence of sitedirected modifications of these domains does not allow the elucidation of the presently unknown role of the conserved regions.
Northern analysis (Fig. 7) indicated the presence of two transcripts originating from the 1.4-kb PstI genomic region downstream of rbc. The larger, low C02-induced transcript (Fig. 7A) originated from ORF 1, and the shorter transcript originated from ORF 2 or ORF 4, as indicated by its size. The short transcript, however, does not seem to be essential for growth in the presence of high CO2 under the conditions used here, because although the transcript was present in mutant R14 but absent from D4 (Fig. 7B ), these mutants nevertheless exhibited similar growth and photosynthetic performance (Fig. 2) . Insertion of the Kmr cartridge at the downstream PstI resulted in the Kmr mutant R5, which is capable of growing in the presence of high or low CO2, suggesting that the insertion did not lead to a high CO2-requiring phenotype. The northern analysis (Fig. 7) , however, indicated the presence of the shorter transcript in mutant R5. Because, in R5, the Kmr cartridge was inserted at the 3' terminus of ORF 2 and the same site is located immediately upstream of ORF 4, the presence of the transcript may indicate that the insertion did not functionally inactivate the relevant gene. The role of the putative gene products of ORFs 2, 3, and 4, which did not exhibit a significant homology to a known protein, is yet to be determined.
Modification of several sites within the genomic region of rbc in Synechococcus PCC 7942, including rbcS, resulted in high C02-requiring mutants (9, 13, 20) . It was, therefore, suggested that this region contains a cluster of genes, the products of which are involved in various functions of the Ci-concentrating mechanism and, hence, in the ability of cyanobacteria to grow in the presence of low CO2. Clearly, the mutants D4 and R14 are unable to grow under low CO2 conditions due to the inhibition of purine biosynthesis, consequent on the inactivation of purK. The location of the cyanobacterial purK immediately downstream of rbc, within this putative gene cluster, might be fortuitous. However, the observation that the mutants D4 and R14 exhibited the photosynthetic characteristics expected of a mutant unable to adapt to low CO2 raises the possibility that it has some functional significance. It remains to be seen whether the induction of purK transcription by low CO2 and the effect it may have on the level of cellular purines during the transition from high to low CO2 concentration is involved in the sequence of events involved in the process of adaptation to low C02-
